We report that the ntrB and ntrC proteins of Bradyrhizobium sp. [Parasponia] strain RP501 share homology with other regulatory proteins. There is extensive conservation of C-terminal regions between products of RP501 ntrB; Klebsiellapneumoniae ntrB; Escherichia coli envZ, cpxA, and phoR; Agrobacterium tumefaciens virA; and, to a lesser extent, E. coli cheA. There is also extensive conservation of N-terminal regions between products of RP501 ntrC; K. pneumoniae ntiC;
typhimurium cheB and cheY; Bacillus subtilis spoOA and spoOF; and A. tumefaciens virG. We propose that these regulatory genes comprise two-component regulatory systems that evolved from a common ancestral system that involved transduction of information about the status of the environment by one protein domain (the C-terminal regions conserved among ntrB, envZ, etc.) to a second one (the N-terminal region conserved among ntrC, ompR, etc.). The ntrC-set protein then acts upon a specific responding mechanism, typically as a transcriptional activator but also as an effector of the maturation of outer membrane proteins or as a modulator of the direction of flagella rotation.
In the enteric bacteria Escherichia coli, Salmonella typhimurium, and Klebsiella pneumoniae, the products of three genes, rpoN (also called ntrA and glnF), ntrB (also called glnL), and ntrC (also called glnG) regulate the expression of several genes involved in the assimilation of nitrogen (reviewed in refs. 1 and 2). The ntrC protein acts either as a transcriptional activator or repressor depending on the promoter being regulated (refs. 1 and 3 and references cited therein), the rpoN protein is a ur factor (4, 5) , and the ntrB protein modifies the functional state of ntrC product in response to the intracellular ratio of 2-ketoglutarate to glutamine, a signal of nitrogen availability (6) (7) (8) . Information about the ratio is transmitted to the ntrB protein by the products of the glnD and glnB genes (6, 7) .
In K. pneumoniae, transcription of the nifA gene is activated by ntrC and rpoN proteins under conditions of nitrogen limitation; subsequently, nifA and rpoN proteins activate transcription of the remaining nifgenes (reviewed in ref. 9) . A variety of nitrogen-fixing species of nonenteric bacteria, Rhizobium meliloti for example (10) , also appear to have homologues of the ntrC and nifA genes, but homologues of ntrB have not been reported.
In this paper we report the cloning and sequence analysis of putative ntrB and ntrC genes of Bradyrhizobium sp. [Parasponia] (in this paper designated "B. parasponiae") strain RP501 isolated from nodules of Parasponia rigida, a nonlegume. We also report that the products of these ntr genes share homology with those of a variety of twocomponent regulatory systems that control responses to environmental stimuli.
MATERIALS AND METHODS
B. parasponiae RP501 (provided by J. Tjepkema) was used to isolate a variant resistant to streptomycin, RP5O1S, that was routinely grown at 320C in TY medium supplemented with streptomycin (1.0 mg/ml).
Plasmids pGln53Y (11) and pRmC3.8R (10) provided E. coli and R. meliloti ntrC DNA, respectively, for hybridization experiments. Southern hybridizations were performed in 10% (wt/vol) dextran sulfate/50% (vol/vol) formamide at 420C or 370C. Nick-translations (12) and random-primer extensions (13) were carried out as described.
Libraries of RP5O1S DNA were constructed in cosmid vectors pHC79 (14) and pOCA7.9 (Olszewski and F.M.A., unpublished results). Fragments of B. parasponiae DNA coding for putative ntrB and ntrC genes were recloned in pUC13 (15) . Deletions of these DNA fragments generated by BAL-31 digestions (16), which together spanned the DNA of interest and provided both strands for analysis, were cloned in M13 vectors mpl8 and mpl9 (15) and sequenced by the Sanger dideoxy method as described (17) . The (Table 1) , the number and location of gaps were minimized by manual editing. This procedure reduced the alignment significance for any given pair of sequences but highlighted the regions strongly conserved between all proteins. Shaded residues are conserved, defined as 50% or more amino acids belonging to one of the groups (L, I, V, M, F, Y, W), (P, T, A, G, S), (Q, N, E, D), or (H, K, R). Abbreviations are as in Table 1. the ntrB gene product using the NBRF program Pirsearch yielded only a single protein that encoded by the E. coli envZ gene (Fig. 3) . Like ntrB, envZ appears to be part of a two-component regulatory system, working in conjunction with the ompR gene to control expression and/or maturation of outer membrane proteins (21) (22) (23) . Hence, we compared the E. coli ompR (24, 25) and B. parasponiae ntrC products and found that they share a highly conserved N-terminal domain of about 115 amino acids (Fig. 4) . Similar conservation between E. coli ompR and K. pneumoniae ntrC products was independently discovered by Drummond et al. (26) .
These observations prompted us to examine a number of other putative regulatory genes that are part. of two-gene systems and that are involved in responses to environmental stimuli. The (28) (Fig. 3) . Similarly, the N-terminal portion of the ompR product that is homologous to the B. parasponiae ntrC protein has been shown to be conserved among the products ofBacillus subtilis spoOA (29, 30) and spoOF (30) (34) (Fig. 4) . Despite the wide taxonomic diversity of the species from which these gene products are derived, analysis with Piralign (Table 1) showed that the degree of relatedness of any pair within the ntrB and ntrC sets is highly significant except for some of those containing cheA. Only partial sequence is available for cheA, and the most N-terminal portion is not homologous with regions shared by other members of the ntrB set.
DISCUSSION
We have cloned and sequenced a region of the B. parasponiae genome that contains open reading frames homologous to products of the K. pneumoniae nitrogen assimilation regulatory genes ntrB and ntrC. The 55-base-pair region that separates the B. parasponiae ntrB and ntrC genes is devoid of obvious transcription termination signals, suggesting that the genes are contiguous members of a nitrogen regulation operon.
Many of the regulatory proteins we found to be homologous to ntrB and ntrC products (Figs. 3 and 4) Fig. 3 ) and conserved N-terminal domain of B. parasponiae ntrC (bottom, see Fig. 4 tal stimuli such as nutrient limitation (ntrB/ntrC, phoR/ phoB), altered osmolarity (envZ/ompR), and plant exudate (virA/virG). Except for ntrB, which is the only member of its set clearly responsive to an intracellular signal, the products of all members of the ntrB set have hydropathic profiles (data not shown) consistent with transmembrane structure in the N-terminal portion and cytoplasmic location of the C-terminal domain, analogous to the chemosensory transducing proteins encoded by tar, tsr, and trg (35) (36) (37) . Furthermore, as shown for the ntrB/ntrC products (6), it has been suggested that envZ, phoR, and virA products modify their respective partners, the ompR, phoB, and virG products (22, 23, 32, 34) .
On the basis of the above observations, we propose a model for transduction of environmental signals by these pairs of regulatory gene products. As suggested for chemoreceptors (35) (36) (37) , the nonconserved N-terminal domains of the ntrB set of proteins perceive environmental signals and transmit them to the conserved cytoplasmic, C-terminal portions through allosteric modifications. The C-terminal portion of the ntrB set protein then interacts with or modifies the N-terminal portion of its corresponding ntrC-set protein, with the modification affecting activation or repression through an allosteric effect(s) on the C-terminal domain(s) of the ntrC-set protein or other proteins involved in the response. In support of this model, evidence has demonstrated that ntrB product is a kinase/phosphatase that phosphorylates the ntrC protein when ammonia is limiting and dephosphorylates it in response to increased ammonia availability (6) . This finding proyides a physical mechanism for the information transfer between ntrB and ntrC products and raises the possibility that other members of the ntrB set may modulate the function of their counterpart protein in the ntrC set in a similar manner.
If this model is correct, it should be feasible to isolate mutant proteins with regulatory domains locked in active conformation. Such mutants may have been described for ntrB (38, 39) , ntrC (1), cpxA (27, 40) , and ompR (23, 24) . Obtaining pseudorevertants of these and similar mutants by alterations in counterpart domains would demonstrate interaction between the proposed regulatory regions. Moreover, given the strong conservation between the various members of the ntrB and ntrC sets in the domains that we propose are responsible for information transfer, it is possible that one member of the ntrB set may modify the function of more than one member of the ntrC set. Indeed cpxA mutations can affect the expression of ompF (41) , and some mutants in envZ exhibit pleiotropic effects upon expression of several genes, including phoA (23) . Such interactions may account for the ability of ntrB mutants of E. coli to activate ntrC slowly in response to nitrogen limitation (8) . In similar fashion, our model also predicts that it may be possible to bring expression of nifgenes under control of phoR-phoB regulation, for example, by replacing the phoB C-terminal domain with that of ntrC.
Among the transcriptional activators, ompR, sfrA, phoB, and virG products share homology over their entire length, while ntrC and spoOA products share only the N-terminal domain. Outside of the conserved N-terminal domain, the remainder of ntrC product is highly conserved with the analogous regions of nifA proteins (17, 26) . The ntrC and nifA products share several common features in their mode of action, including requirements for an upstream binding site in regulated promoters (3, 42, 43) and the o, factor encoded by rpoN (11, 44) for transcriptional activation. Hence the common portions of ntrC and nifA proteins are probably concerned with these features, and indeed both proteins contain a consensus DNA-binding motif within their last 25 amino acids (26) . It is possible that the C-terminal portions of ompR, phoB, virG, and sfrA proteins may also be involved in interacting with a u, factor or the core of RNA polymerase since, at least for the first three, the promoters they regulate do not contain consensus -35 regions (23, 31, 45) .
The lack of conservation between the N-terminal domains of the K. pneumoniae ntrC and nifA products may account for their different sensitivities to environmental stimuli. Whereas ntrB product modulates the activity of ntrC product in response to nitrogen status, K. pneumoniae nifL product inhibits nifA product activity in response to oxygen tension or low amounts of combined nitrogen (46) . It seems likely that in this species the N-terminal part of the nifA protein interacts with nifL protein and that the nifL protein will not contain the ntrB-set conserved sequence. Furthermore, although there is similarity between the N-terminal portions of K. pneumoniae and R. meliloti nifA gene products (alignment score of 3 SD units), it is possible that the low degree of conservation reflects evolution of the N-terminal region of the rhizobial nifA product to respond to some aspect of the symbiotic environment.
Products of the chemotaxis genes cheA, cheB, and cheY are also involved in response to environmental signals, although the response is not thought to involve activation or suppression of transcription. The cheB protein is a methyl esterase that is activated in response to repellent stimuli (47, 48) and acts during adaptation to demethylate the transducing proteins (49, 50) . Interestingly, proteolytic cleavage or genetic deletion of the N-terminal domain of cheB product results in a 15-fold increase in specific activity of the enzyme (51) as predicted in the above model. The cheY product is thought to interact directly with the basal structure of the flagella to modulate swimming behavior in response to unknown signals from the receptors (52, 53) . The homology of cheB and cheY products to the ntrC-set conserved domain suggests that the functions of these proteins may be modulated by an ntrB-set counterpart, possibly cheA product that has significant homology to most members of the ntrB set. It may be important that the most N-terminal of available sequence for the cheA product is not homologous to regions shared by the other proteins.
Finally, the two-component regulatory model proposed above predicts that the unpaired genes in the ntrC set, such as the spoO genes that respond to nutrient deprivation, will have partners in the ntrB set. Since sfrA and cpxA both regulate expression of tra genes (32, 54) , they may form a pair responsive to the presence of F-cells. The model also predicts that other two-component regulatory systems that respond to environmental stimuli, such as xylS/xylR of Pseudomonas putida (ref. 55 and references cited therein), may have homology to the domains reported here.
